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ARTICLE INFO ABSTRACT

Keywords: Recent findings have implicated post-translational modifications at C-terminal cysteines [e.g.,
Pancreatic B cells methylation] of specific proteins [e.g., G-proteins] in glucose-stimulated insulin secretion
Protein phosphatase 2A [GSIS]. Furthermore, methylation at the C-terminal leucine of the catalytic subunit of protein
Glucose-stimulated insulin secretion phosphatase 2A [PP2Ac] has also been shown to be relevant for GSIS. In addition to these two
G-proteins classes of protein methyl transferases, a novel class of glucose-activated phospholipid methyl
Phospholipid methylation transferases have also been identified in the B cell. These enzymes catalyze three successive
Protein carboxylmethylation methylations of phosphatidylethanolamine to yield phosphatidylcholine. The ‘“newly

formed” phosphatidylcholine is felt to induce alterations in the membrane fluidity, which
might favor vesicular fusion with the plasma membrane for the exocytosis of insulin. The
objectives of this commentary are to: (i) review the existing evidence on the regulation, by
glucose and other insulin secretagogues, of post-translational carboxylmethylation [CML] of
specific proteins in the @ cell; (ii) discuss the experimental evidence, which implicates
regulation, by glucose and other insulin secretagogues, of phosphatidylethanolamine methy-
lation in the islet g cell; (iii) propose a model for potential cross-talk between the protein and
lipid methylation pathways in the regulation of GSIS and (iv) highlight potential avenues for
future research, including the development of specific pharmacological inhibitors to further
decipher regulatory roles for these methylation reactions in islet 8 cell function.

Published by Elsevier Inc.

1. Introduction phospholipases [A;, C and D] and adenine nucleotides [1,2].
While, the exact molecular and cellular mechanisms under-
Glucose-stimulated insulin secretion [GSIS] from pancreatic 8 lying glucose-induced insulin release remain only partially

cells is largely mediated via generation of soluble second understood, it is widely accepted that, following its entry
messengers such as cyclic nucleotides, hydrolytic products of into the B cell, glucose is metabolized with a resultant increase
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in the ATP/ADP ratio. Such an increase in the ATP levels
culminates in the closure of ATP-sensitive potassium chan-
nels localized on the plasma membrane which results in
membrane depolarization followed by influx of extracellular
calcium through the voltage-sensitive calcium channels. An
increase in intracellular calcium has been shown to be critical
for the transport of insulin-containing secretory granules to
the plasma membrane for fusion and release of insulin.
Several lines of evidence clearly implicate post-translational
modifications of proteins in the stimulus-secretion coupling of
events leading to GSIS. These include, but are not limited to,
phosphorylation/dephosphorylation, isoprenylation, carbox-
ylmethylation [CML], fatty acylation, etc. [1-5]. In addition,
extant data also support the formulation that modification of
endogenous lipids [e.g., methylation of phosphatidyl-ethano-
lamine] may also play critical roles in B cell activation and
insulin secretion induced by glucose and other insulin
secretagogues.

It is well established that the methylation reactions,
including the protein and lipid methylation involve transfer
of methyl groups from a methyl donor, such as the S-adenosyl
methione [SAM] to the respective methyl acceptors [e.g.,
proteins and lipids]. SAM, which was first discovered in 1952, is
synthesized endogenously from ATP and methionine by
methionine adenosyl-transferase [6-9]. Individual steps
involved in the production, consumption and regeneration
of SAM are shown in Fig. 1. In the first step of this cycle, the
SAM-dependent methyl transferases [e.g., protein or lipid
methyltransferases] utilize SAM as a methyl donor substrate
to produce S-adenosyl homocysteine as a byproduct. This, in
turn, is hydrolyzed to homocysteine and adenosine by the
enzyme S-adenosylhomocysteine-hydrolase. The homocys-
teine is then recycled back to methionine involving the
transfer of a methyl group from 5-methyl-tetrahydrofolate, by
the enzyme methionine synthase. This methionine is con-
verted back to SAM thus completing the cycle. The precise
mechanisms underlying the regulation, by glucose or its
intermediates, of the SAM cycle in the islet B cell have not been
addressed adequately yet. Nonetheless, the potential utility of
SAM as a methyl donor for the islet endogenous protein and
lipid methylation has been well described [6-9]. Such protocols
involved either labeling of intact B cells with [*H]methionine to
label the endogenous SAM pools (Fig. 1) or utilizing the
[PH]SAM in vitro experiments involving total cell lysates as
well as isolated subcellular fractions [e.g., plasma membrane
and secretory granules].

Using these experimental approaches, several earlier
studies have quantitated protein and lipid methylation in
the pancreatic g cells [2,4,5 and see above]. However, potential
cross-talk between these two signaling pathways in the
sequence of events leading to fusion of secretory granules
with the plasma membrane, and the subsequent release of
insulin has not been addressed before. Please note that the
majority of the work on the regulatory aspects of phospholipid
methylation in GSIS were reported during mid to late 1980s
and research findings on the CML of small molecular mass as
well as trimeric G-proteins in the islet g cell were published
during the 1990s. Further, regulation of protein phosphatase
function by CML became evident during late 1990s. Therefore,
it is my hope that this commentary will generate debate and
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Fig. 1 - Individual steps in SAM cycle: individual steps
involved in the production, consumption and regeneration
of SAM are represented in this figure. Enzymes involved
are: 1, SAM synthase; 2, SAM-dependent demethylases,
which include protein and phospholipid methylating
enzymes; 3, S-adenosyl homocysteine hydrolase and 4,
methionine synthase.

interest among the islet researchers to begin to further
evaluate the regulatory roles for SAM as a methyl donor for
various methylation steps in the islet g cell leading to
physiological insulin secretion. Second, I am also hopeful
that this article will provide the basis for future investigations
to understand regulatory aspects of protein and lipid
methylation steps in glucose-mediated trafficking of insu-
lin-laded secretory granules toward the plasma membrane for
fusion and release of insulin.

Therefore, the principal objectives of this commentary are:
(i) to provide a brief overview of the existing evidence on
glucose-mediated regulation protein [specifically, the CML]
and lipid methylation in the islet g cell and (ii) to propose a
model for potential cross-talk between these two signaling
pathways in the regulation of GSIS. In the last section of this
commentary, [ will attempt to highlight potential avenues for
future research, including the development of specific
pharmacological inhibitors to further decipher regulatory
roles for these methylation reactions in islet g cell function.

2. Studies on protein carboxyl methylation in
islet B cells

2.1. Evidence for a requisite role for the methylation of the
C-terminal cysteines of specific G-proteins in GSIS

In addition to the regulation of GSIS by adenine nucleotides
[see above], previous studies have examined the possible
contributory roles for guanine nucleotides [i.e., guanosine
triphosphate; GTP] in physiologic insulin release. For example,
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using selective inhibitors of GTP biosynthetic pathway [e.g.,
mycophenolic acid], a permissive role for GTP in GSIS was first
established in [10-12]. Although the exact molecular and
cellular mechanisms underlying the regulatory role[s] of GTP
remain only partially understood, available evidence indicates
that it might involve activation of one [or more] G-proteins.
Two major classes of G-proteins have been identified in 8 cells.
The first group consists of trimeric G-proteins comprised of
apBy subunits. These G-proteins are involved in the coupling of
various receptors to their intracellular effectors, such as
adenylate cyclase, phosphodiesterase or several phospholi-
pases [13,14]. The second group of G-proteins is comprised of
low molecular mass, monomeric G-proteins, which are
involved in sorting of proteins as well as trafficking of
secretory vesicles [15].

It has been known for a long time that both monomeric G-
proteins as well as the y subunits of trimeric G-proteins
undergo post-translational modifications, such as isoprenyla-
tion and methylation at their C-terminal cysteine residues
[often referred to as the CAAX motif; Fig. 2]. The first of a four-
step modification sequence includes incorporation of a 15-
carbon [farnesyl] or 20-carbon [geranylgeranyl] isoprenoid
moiety, which is derived from mevalonic acid, onto a cysteine
residue on the carboxyl terminus of the candidate G-proteins.
This is followed by the proteolytic cleavage of several amino
acids [up to a maximum of three]. Often a CML step then
modifies the newly exposed carboxylate anion of the cysteine.
In some cases [not depicted in Fig. 2], the covalent addition of a
long-chain fatty acid, typically palmitate, completes the
cascade. This is felt to render the modified G-proteins more
hydrophobic and able to associate tightly with membranes

[their putative site of action] for interaction with their
respective effectors. Since the isoprenylation of G-proteins
occurs shortly after their synthesis, and because “half-lives”
of prenylated proteins are rather long, this is not likely to be an
acute regulatory step; however in many cases, prenylation is
necessary to allow G-proteins to intercalate into the relevant
membrane compartment. In contrast, the CML step is subject
to acute regulation at the level of the “on” step [addition of
methyl groups] and/or the “off’ step [removal of methyl
groups]. Earlier studies have demonstrated relevance of post-
translational modifications of these proteins in physiological
insulin secretion [2,4,5,16-19]. Of contextual importance to
this current commentary are potential contributory roles for
the protein CML steps in GSIS; these aspects are discussed
below.

As mentioned above, available data in the islet 8 cell clearly
suggest that the carboxylmethylated of prenylated cysteine is
acutely regulated under conditions of GSIS. Using normal rat
islets and clonal B cell preparations, we have been able to
demonstrate transient stimulation, by glucose, of the CML of
small G-proteins [e.g., Cdc42 or Rapl] and the y subunits of
trimeric G-proteins [19]. Further, we have demonstrated that
these proteins are rapidly demethylated in isolated B cell
preparations [17]. We have also characterized protein prenyl
methyl transferase activity in the islet g cell [20]. The carboxyl
methyltransferase catalyzes the incorporation of a methyl
group onto the carboxylate anion of the prenylated cysteine
via an ester linkage (Fig. 2). It utilizes the intracellular SAM as
the methyl donor. In addition, a methylesterase activity that
specifically cleaves the methylated residue has also been
identified in the islet g cell [17]. Previously, we have identified

Membrane

w n @
T T

—ddd

- w o T
ULt e
IVISCKCVLS# IVISCKCVLS—I-—LVISCKC% MSCKC-OMe

FTase Protea:

-n
o
w w

[ 1
(LMSCKC-OMe

To
Membrane

ddd

w W

Fig. 2 - Post-translational prenylation and CML of small G-proteins: the first of the three-step reaction is incorporation of
either a 15 [farnesyl]- or a 20 [geranylgeranyl]-carbon derivative of mevalonic acid into the COOH-terminal cysteine via a
thioether linkage. This reaction is catalyzed by either the farnesyl or geranylgeranyl transferases, respectively. After this,
the three amino acids after the prenylated cysteine are removed by a protease of microsomal origin, thereby exposing the
carboxylate anion. This site is then methylated by a carboxyl methyl transferase, which transfers a methyl group onto the
carboxylate group using SAM as the methyl donor. We have shown that the CML of specific G-proteins [e.g., Cdc42]
increases their hydrophobicity and translocation to the membrane fraction. Please note that, in addition to these, certain G-
proteins [e.g., H-Ras] have also been shown to undergo palmitoylation at a cysteine residue, which is upstream to the
prenylated cysteine. It is thought that palmitoylation provides a “firm” anchoring for the modified protein into the cell
membrane for optimal interaction with its respective effector proteins. FPP, Farnesyl pyrophosphate; FTase, farnesyl

transferase; CMT, carboxyl methyl transferase.
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several carboxylmethylated proteins in the pancreatic g cell.
These include Cdc42, Rapl, Racl, H-Ras, the y subunits of
trimeric G-proteins as well as the nuclear lamin-B [20,21].
Earlier findings from our laboratory have also demonstrated
that glucose transiently increases the CML and membrane
association of Cdc42 thereby facilitating its interaction and
activation of phospholipase C with a concomitant increase in
the secretion of insulin [19]. Moreover, acetyl farnesyl
cysteine, a cell-permeable specific inhibitor of the CML of
prenylated cysteines, markedly attenuated glucose-stimu-
lated CML of Cdc42, phospholipase C activation and insulin
secretion [19]. Our hypothesis that such a post-translational
modification of Cdc42 is required for insulin release was
further strengthened by our findings, which suggested that
acetyl geranyl cysteine, an inactive analog of acetyl farnesyl
cysteine, failed to inhibit glucose-mediated effects on the CML
of Cdc42, phospholipase C activation and insulin secretion
[19]. Around same time, independent studies from Leiser et al.
[5] have also utilized these specific probes to determine the
relative contribution of Rap1l, another monomeric G-protein,
in glucose- and calcium-mediated insulin secretion.
Follow-up studies from our laboratory have utilized similar
experimental approaches and probes to decipher the roles of
the CML of Gy subunits in GSIS [17]. The y subunits of trimeric
G-proteins [y1, 2, vs and v, isoforms] were found to be
carboxylmethylated in normal rat islets, human islets and
clonal g cell preparations. Of these, GTPyS, a non-hydrolyzable
analog of GTP, selectively stimulated the CML of vy, and vs
isoforms. Exposure of intact B cells to either of two receptor-
independent agonists, namely a stimulatory concentration of
glucose or a membrane depolarizing concentration of KCl
resulted in a rapid [within 30 s] and sustained [at least up to
60 min] stimulation of the CML of y subunits. Mastoparan, a
tetradecapeptide from wasp venom, which directly activates
G-proteins and insulin secretion from g cells, also stimulated
the CML of vy subunits in intact insulin-secreting cells.
Stimulatory effects of glucose or KCl were not demonstrable
after removal of extracellular calcium [using EGTA] or
depletion of intracellular GTP [using mycophenolic acid],
implying regulatory roles for calcium fluxes and GTP. How-
ever, the methyl transferase itself was not directly activated by
either calcium or GTP. The stimulatory effects of mastoparan
were resistant to removal of extracellular calcium, implying a
mechanism of action that is different from glucose [via its
metabolism] or KCl [via membrane depolarization and
calcium influx] but also suggesting that dissociation of the
afy trimer is conducive to the CML of vy subunits. Indeed,
pertussis toxin, which inactivates the inhibitory class of
trimeric G-proteins [e.g., G; or G,] via ADP-ribosylation of their
respective a subunits, also markedly attenuated the stimula-
tory effects of glucose, KCI or mastoparan without altering the
rise in intracellular calcium induced by glucose or KCIL
Glucose-induced CML of vy, and vys isoforms was vitiated by
coprovision of any of three structurally different cycloox-
ygenase inhibitors [e.g., aspirin, ibuprofen and indomethacin
[17]]. Conversely, exogenous prostaglandin E,, which activates
G; and G, in B cells and which thereby would dissociate the «
subunit from B+, stimulated the CML of v, and vys isoforms and
reversed the inhibition of glucose-stimulated CML of v
subunits elicited by cyclooxygenase inhibitors. These data

indicate that y subunits of trimeric G-proteins undergo a
glucose- and calcium-regulated methylation-demethylation
cycle in insulin-secreting cells, findings that may imply an
important role in B cell function. To the best of my knowledge,
these findings represented the first example of the regulation
of the post-translational modification of G-protein vy subunits
via non-receptor-mediated activation mechanisms, which are
apparently dependent on calcium influx and the consequent
activation of phospholipases releasing arachidonic acid.

In addition to demonstrating potential regulatory roles for
CML of islet endogenous small molecular weight G-proteins
and the vy subunits of trimeric G-proteins in GSIS, previous
studies from our laboratory have also characterized the prenyl
cysteine methyltransferase activity in insulin-secreting cells
and normal rat islets [20]. Such an activity was monitored by
the methylation of an artificial substrate [e.g., acetyl farnesyl
cysteine] with [*H]SAM as methyl donor. Subcellular fractio-
nation studies revealed that the prenyl cysteine methylating
enzyme is predominantly localized in the plasma membrane
fraction as well as the endoplasmic reticulum. Furthermore,
we observed that exogenous GTP had no demonstrable effect
on the ability of the methyl transferase to methylate acetyl
fanesyl cysteine suggesting that such an activity may be
constitutively active within the g cell, and that the methyla-
tion of target G-proteins in an intact g cell is regulated by the
access of these G-proteins to the methyltransferase, as well as
their active GTP-bound conformation [20]. The reader is
referred to a recent review [21] for a summary of existing
body of evidence on protein C-terminal cysteine methylation
reactions in insulin-secreting cells and their relevance to
physiologic insulin secretion.

2.2.  Methylation of C-terminal leucine of the catalytic
subunit of protein phosphatase 2A [PP2Ac]

Unlike the small G-proteins or the y subunits of trimeric G-
proteins, the PP2Ac undergoes reversible methylation at its C-
terminal leucine®® residue [22,23] (Fig. 3). PP2Ac has been
shown to be highly conserved, with >70% sequence homology
among different species [24]. The six C-terminal amino acid
residues (TPDYFL) are absolutely conserved in all known
PP2Ac subunits. The structure of protein phosphatase methyl-
transferase-1 has been elucidated recently [25]. Previous
studies from our laboratory examined putative regulatory
roles for the CML of PP2Ac in insulin secretion elicited by
stimulatory concentrations of glucose. In this context, we
reported the CML of a predominantly cytosolic 36-kDa protein
in intact normal rat islets and INS-1 cells [23]. The CML of the
36 kDa protein was resistant to inhibition by acetyl farnesyl
cysteine a competitive substrate for cysteine methyl trans-
ferases [see above], suggesting that the methylated C-terminal
amino acid is not cysteine. The methylated protein was
identified as PP2Ac by immunoblotting. Okadaic acid, but not
1-nor-okadaone, its inactive analog, inhibited the CML of
PP2Ac and PP2A activity in the cytosolic fraction derived from
normal rat islets and clonal B cells.

The next question is how important and/or what are the
contributory roles for the CML of PP2Ac in physiological
insulin secretion? Our own experimental data appear to
provide some answers to this question. For example, using
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Fig. 3 - Post-translational carboxyl methylation-
demethylation of PP2Ac: as described in the text, PP2Ac
undergoes carboxylmethylation-demethylation cycle at
its C-terminal leucine. Both the methylating and
demethylating enzymes have been localized in the islet
cell [23,29]. Okadaic acid has been shown to inhibit the
CML of PP2Ac in a structure-specific manner. Ebelactone, a
more global inhibitor of esterases, has been reported to
delay the demethylation of PP2Ac [see text for additional
details]. However, as indicated in the text, it has also been
shown to elicit inhibitory effects on several other
enzymes, and therefore is indicated by [?] to represent
potential limitations in its use.

insulin-secreting INS cells, we reported marked inhibitory
effects of glucose [in intact cells] or its metabolites, such as
citrate and phosphoenolpyravate [in cell lysates] on the CML of
PP2Ac. In addition, mannoheptulose, an inhibitor of glucose
metabolism, completely prevented the inhibitory effects of
glucose on the CML of PP2Ac [26,27]. Based on these data, we
proposed that GSIS may, in part, be due to the ability of glucose
to inhibit specific protein phosphatases [e.g., PP2A] thereby
retaining putative exocytotic proteins in their phosphorylated
[active] conformation [27].

We next asked if the CML of PP2Ac exerts any effects on the
enzymatic activity of PP2A since the existing experimental
evidence provides conflicting conclusions with regard to
potential contributory roles for the CML of PP2Ac on its
phosphatase function. For example, using purified PP2Ac and
carboxylmethyl transferase preparations, Favre et al. have
demonstrated a 30-50% increase in the PP2A activity following
the CML of PP2Ac [22]. Compatible with these data, we also
observed a 25% increase in PP2A activity in INS cell and normal
rat islet cytosolic fractions following methylation of the
carboxy-terminal leucine of PP2Ac [23]. Interestingly, in
contrast to these stimulatory effects, De Baere et al. observed
no effects of the CML on catalytic function of either the dimeric
or trimeric forms of PP2A [28]. This discrepancy might be due
to (but are not limited to), differences in cell types and
experimental conditions employed, including substrates used
in PP2A activity measurements, and purified versus crude
preparations of phosphatase and carboxylmethyl transferases
utilized in these studies [29].

Lastly, we also investigated the relative half-life of the
methylated PP2Ac to further understand if the methylation of
PP2Ac is acutely regulated. We observed that the methylated
PP2Ac underwent rapid demethylation [t;» =40 min] cata-
lyzed by a methyl esterase localized in islet homogenates.
Ebelactone, a known inhibitor of methyl esterases [23] (Fig. 3),

significantly delayed [>200 min] the demethylation of PP2Ac.
Further, it reversibly inhibited glucose- and ketoisocaproate-
induced insulin secretion from normal rat islets. Together, our
findings identified, for the first time, a methylation-demethy-
lation cycle for PP2Ac in the B cell and suggest a key functional
relationship between PP2A activity and the CML of PP2Ac.
They also suggested novel roles for the CML of PP2Ac in
nutrient-induced insulin exocytosis. In this context, it may be
important to note that while okadaic acid specifically inhibits
the CML of PP2Ac by binding to its the C-terminal region, and
thus preventing its methylation, the specificity of ebelactone
to inhibit PP2Ac methylesterase, however, remains to verified.
Ebelactone has also been shown to modulate other enzymes
including prenyl cysteine methyl esterases [30], cathepsin A
[31], urinary kinases [32], carboxypeptidase Y-like kininases
[33] and lipases [34,35]. Future studies will need to develop
specific inhibitors for PP2Ac demethylases which can be
employed to further decipher roles for these signaling steps in
physiological insulin secretion. In conclusion, while the
existing evidence appears to indicate biochemical [see above]
and immunological [A. Kowluru, unpublished data] evidence
in support of localization of PP2Ac methylating and demethy-
lating enzymes in the islet § cell, the relative contributory roles
for the CML of PP2Ac in the cascade of events leading to GSIS
remain to be verified further [29].

2.3.  Glucose-induced methylation of protein arginines in
insulin-secreting cells

In addition to C-terminal cysteines and leucines, glucose-
stimulated methylation of arginine has also been reported in
insulin-secreting cells [36]. Using labeled SAM as the methyl
donor, Lim et al. reported enzymatic methylation of a 20 kDa
protein in clonal HIT cell preparations. They also reported a
significant correlation between stimulation of the methylation
of the 20 kDa protein [3.2-fold] and insulin secretion [2.5-fold]
by glucose. Forskolin also increased the methylation of this
protein significantly [nearly 4.5-fold]. Furthermore, the
removal of extracellular calcium markedly inhibited the
ability of glucose to stimulate the methylation of this protein
and insulin secretion. Additional studies identified the
methylated amino acid as arginine. Based on these and other
findings, these investigators proposed that methylation of the
endogenous 20-kDa protein might play regulatory role in
insulin secretion [36]. Further identity of this 20 kDa and its
regulatory role[s] in physiologic insulin release remain to be
verified.

3. Studies on phospholipid methylation in
pancreatic B cells

3.1. Studies in intact 8 cells

Enzymatic methylation of phospholipids has been a subject of
extensive research during the past two-three decades. The
most studied in the area of lipid methylation is the three
successive methylation steps of phosphatidylethanolamine
resulting in the formation of phosphatidylcholine, which is
felt to increase membrane fluidity, but this topic continues to
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be a matter of a significant debate [37-39]. While several
studies have appeared in the 1980s to demonstrate glucose-
dependent modulation of phospholipid methylation in islet g
cells [see below], very little is known yet with regard to
potential contributory roles of these signaling steps in GSIS
either directly or indirectly. I will overview below the existing
body of evidence on phosphatidylethanolamine methylation
in the pancreatic g cell.

Saceda et al. [40] first reported glucose-mediated, transient
stimulation of phospholipid methylation in rat pancreatic
islets. They also provided the first evidence to suggest that a
mixture of pL-homocysteine and 3-deazaadenosine inhibited
glucose-induced phospholipid methylation. Based on these
data, these investigators concluded that phospholipid methy-
lation may regulate GSIS. At the same time, independent
studies by Best et al. have provided additional support [41] for a
modulatory role for phospholipid methylation in insulin
secretion. They reported that the combination of 3-deazaa-
denosine and pr-homocysteine impaired the incorporation of
3H-methyl group from r-[methyl->H]methionine into endo-
genous islet proteins and phospholipids, but failed to affect
turnover in the phosphatidylinositol cycle. Further, the
inhibitors of methylation decreased insulin release evoked
by p-glucose or by variety of stimuli, including amino acids.
They also observed that the inhibitors of methylation did not
impair either the oxidation of p-glucose or affect its capacity to
decrease K* conductance, stimulate Ca®* inflow and provoke
%*Ca accumulation in pancreatic islets. Based on these
experimental findings, it was proposed that, in the process
of insulin secretion, a methyl acceptor protein and/or
phospholipid play(s) a limited modulatory role in the coupling
of cytosolic calcium accumulation to insulin exocytosis.

Independent studies by our research group [42] have
provided additional support for glucose-induced phospholipid
methylation in the pancreatic islet. Using normal rat islets we
reported a two-fold stimulation in the incorporation of [*H-
methyl] groups from [*H-methyl] methionine into phospho-
lipids within 6 min of exposure to a stimulatory glucose
concentration. We also demonstrated that non-stimulatory
sugars, L-glucose and p-galactose, failed to affect phospholipid
methylation in islet cells. We have also provided evidence to
indicate a significant degree of inhibition of phospholipid
methylation in these cells following blockade of calcium
channel activation by verapamil. These findings led us to
conclude that phosphatidyl-ethanolamine methylation might
play important regulatory roles in GSIS.

Studies from Laychock’s laboratory [43] in intact islets have
also demonstrated a significant stimulation of phospholipid
methylation by stimulatory concentrations of glucose. Iso-
proterenol also enhanced lipid methylation and insulin
secretion to a similar magnitude seen in the presence of
glucose. These investigators reported no significant effects of
2-deoxyglucose, tolbutamide, nor 8-bromo-cyclic AMP on islet
phospholipid methylation. Moreover, 3-deazaadenosine, a
known generic inhibitor of methyl transferases, inhibited
both glucose and isoproterenol-stimulated methyltransferase
activity and insulin release. Based on these findings it was
concluded that methylation of phospholipids plays a role in
amplification of the B cell stimulus-secretion coupling
response to specific secretagogues.

3.2.  Studies in broken cell preparations

At least two previous investigations attempted to understand
biochemical and functional properties of phospholipid methy-
lating enzymes in insulin-secreting cells. First, studies from
Laychock’s laboratory [43] have demonstrated that the islet
phosphatidylethanolamine-methylating enzymes were sen-
sitive to and inhibited by S-adenosyl homocysteine, sodium
deoxycholate and Triton X-100 in islet homogenates. Further-
more, provision of exogenous mono- or dimethyl phosphati-
dylethanolamine species increased the incorporation of
[*H]methyl groups into their cognate lipid species, further
substantiating localization of individual methylating enzymes
in the B cell. Isoproterenol, but not glucose, stimulated
phospholipid methylation in islet homogenates. Second,
subsequent studies by Kowluru et al. [44] have reported
localization of a magnesium-requiring phospholipid methyl
transferase activity in rat pancreatic islet lysates. Such an
activity was doubled by calcium whereas cyclic nucleotides
[e.g., cAMP or cyclic GMP] exerted no significant effects on this
enzyme activity. Calcium increased the Vp,.x of the enzyme
without affecting its K, with respect to SAM. Further,
calmodulin antagonists, such as chlorpromazine, trifluoper-
azine, and dibucaine inhibited the calcium-stimulatable
activity without affecting the activity in the absence of
calcium. Phosphatidylserine stimulated, and arachidonic acid
and palmitic acid inhibited, the basal enzyme activity. The
methylated products were found to be primarily mono- and
dimethylphosphatidylethanolamine [30%] and phosphatidyl-
choline [43%] and an, as yet unidentified, non-polar lipid
fraction [27%], as judged by thin-layer chromatography. In the
presence of calcium, incorporation of methyl groups into PE,
mono- and dimethylphosphatidy-lethanolamine and non-
polar lipids was increased by 131, 60, and 46%, respectively.
Subcellular fractionation studies have suggested a nearly five-
fold enrichment of this activity in insulin-containing secretory
granules compared to other fractions [e.g., nucleus, mito-
chondria, microsomes or cytosol [44]]. Together, the above
finding implicate a regulatory role for phospholipid methyla-
tion in GSIS from the pancreatic g cell.

Extant data also implicate key regulatory roles for
phospholipid methylation in hormone secretion in multiple
cell types. For example, studies by Hook et al. have reported a
role for phospholipid methylation in corticotropin-releasing
factor-induced corticotropin secretion in mouse pituitary
tumor cells [45]. Along similar lines, Prasad and Edwards
have documented a regulatory role for phospholipid methyla-
tion in thyrotropin-mediated secretion of thyroid hormone
[46]. Prasad et al. have also provided evidence for the
involvement of phospholipid methylation in neuropeptidergic
stimulation of pituitary hormone secretion [47]. Clearly, these
findings implicate roles for lipid methylation in receptor-
mediated activation of hormone secretion, presumably
coupled to the activation of G-protein-coupled receptors. In
the case of the pancreatic B cell, however, as we discussed
above, one or more metabolites of glucose and/or alterations
in ionic balance appear to trigger phospholipid methylation
transiently under conditions of stimulated insulin secretion. It
is also important to note that non-metabolizable sugars
elicited no effects on either the phospholipid methylation or
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the CML of specific G-proteins, further substantiating the view
point that glucose metabolic events may lead to activation of
these pathways culminating in insulin secretion [see below].
Taken together, the above findings from multiple labora-
tories have provided convincing body of evidence in support of
the formulation that phospholipid methylation might play a
significant regulatory role in the stimulus-secretion coupling
of GSIS. Despite such a compelling evidence, no follow-up
studies have been carried out to further document if such an
alteration[s] in glucose-induced phospholipid methylation
would promote alterations in plasma membrane [e.g., fluidity
and/or microviscosity], which may be conducive for granule
docking and fusion for exocytotic secretion of insulin.

4, A model for a potential cross-talk between
protein CML and phospholipid methylation in
GSIS

Based on our current knowledge of the regulatory effects of
glucose on protein and lipid methylation [as reviewed above], I
propose a model for a potential cross-talk between these two
pathways in signaling events leading to GSIS (Fig. 4). The
generation of soluble second messengers and/or alterations in
intracellular concentrations of ions [e.g., calcium], as a
consequence of glucose metabolism, leads to activation of
protein as well as phospholipid methylation. Several lines of
evidence in multiple cell types, including the isolated g cell
suggest that an increase in the CML of prenylated proteins
[e.g., Cdc42, Racl, Rapl, etc.] leads to an increase in their
hydrophobicity. This, in turn, facilitates association of these
activated proteins with their respective membranous com-
partments [e.g., plasma membrane or insulin-containing
secretory granules]. This signaling step is critical for optimal
interaction of activated G-proteins with their effector proteins,
including p21-activated kinase and phospholipase C, etc.;
these signaling steps appear to be requisite for GSIS [[48] and
unpublished data from our laboratory].

Although not verified in B cells thus far, it is likely that
glucose-mediated activation of phospholipid methylation,
and subsequent generation of phospholipids [e.g., phospha-
tidylcholine| could result in alterations in membrane proper-
ties [e.g.,, microviscosity and fluidity], thereby facilitating
optimal docking and fusion of secretory granules with the
plasma membrane. This needs to be verified. Furthermore, we
have demonstrated that generation of biologically active lipids
[e.g., phosphatidylcholine] promote dissociation of inhibitory
factors/proteins [GDP-dissociation inhibitor; [49]] from specific
G-proteins [e.g., Rac1], to pave way for their activation [50]. It is
also important to note that earlier studies from our laboratory
have demonstrated localization of the phospholipid methyl
transferase in the secretory granule fraction, and its regulation
by calcium raises as interesting possibility for the direct
involvement of this signaling step in insulin exocytosis.
Additional studies are needed to verify this formulation [44].

Interestingly, using isolated rat liver plasma membranes,
Hashizume et al. [51] have reported dual regulatory roles for
GTP on phospholipid methylating enzymes. They reported a
significant inhibition by GTP of methyltransferase 1, which
mediates the methylation of phosphatidyl-ethanolamine to

Glucose

Metabolism and ion fluxes

Prenylated proteins @ PE
PCMT PLMT
Prenylated and methylated PC
proteins
?

Trafficking of insulin-laden

Alterations in membrane properties
secretory granules to the membrane

Secretory granule fusion with plasma membrane

Insulin Secretion

Fig. 4 - Our proposed model for potential involvement of
protein and lipid methylation steps in GSIS: glucose
metabolism leads to the generation of soluble second
messengers and/or alterations in intracellular
concentrations of ions [e.g., calcium]. This, in turn, leads to
activation of G-protein CML and PL methylation. Increase
in the CML of prenylated proteins [e.g., Cdc42, Racl, Rapl1,
etc.] leads to an increase in their hydrophobicity,
culminating in their association with their respective
membranous sites [e.g., plasma membrane or insulin-
containing secretory granules]. Further, increase in PE
methylation leads to generation of PC, which promotes
dissociation of Racl from GDI-Racl complex, to pave way
for its activation. It is also likely that PL methylation
promotes alterations in the membrane, which might favor
fusion of insulin-containing secretory granules with the
plasma membrane followed by exocytotic secretion of
insulin. Please see text for potential roles for CML of PP2Ac
in bridging the two signaling pathways leading to GSIS.
PCMT, Protein carboxylmethyltransferase; PLMT,
phospholipid methyltransferase; PE,
phosphatidylethanolamine; PC, phosphatidylcholine.

phosphatidyl-N-mono-methylethanolamine. In contrast,
methyltransferase 1I, which catalyzes the formation of
phosphatidyl-N,N-dimethylethanolamine or phosphatidyl-
choline, was markedly stimulated by GTP. Based on these
observations, it was proposed that GTP plays regulatory roles
in phospholipid methylation in the liver plasma membrane.
These data raise an interesting possibility of potential
regulation of phospholipid methyl transferase by G-proteins,
which again remains to be determined.

The nextimportant question is whatis the role, if any, of the
CML of PP2Ac [and its activation] in glucose-induced activation
of proteins or lipid methylation events leading to insulin
secretion? I propose that the activation of PP2A does represent
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an important step in connecting these signaling pathway. First,
ithasbeen postulated, and even established in certain cell types
[see ref. [29] for a review] that the CML of PP2Ac promotes its
association with other subunits [e.g., the scaffolding and
regulatory subunits] of the holoenzyme, and subsequently its
catalytic activity. Recent findings of Wang et al. [48] have
demonstrated glucose-induced phosphorylation and activation
of p21-activated kinase, which is an effector protein for small G-
proteins, such as Cdc42 and Racl, which have been implicated
in GSIS. It has also been shown in other cell types that specific
regulatory proteins of small G-protein [e.g., Rac1] function and
activation [e.g., GDP-dissociation inhibitor] are controlled by
phosphorylation-dephosphorylation reactions [52]. We have
demonstrated recently that GDP-dissociation inhibitor plays a
negative modulatory rolein GSIS [50]. Albeit controversial, ithas
also been demonstrated that specific enzymes of phospholipid
methylation cascade are regulated by phosphorylation/depho-
sphorylation [53-55]. This topic remains still unexplored in the
islet B cell.

5. Alterations in lipid and protein methylation
in various pathological states

Another important area of investigation is to examine the
functional status of the G-proteins and/or phospholipid
methylation pathways in islet 8 cells derived from models of
impaired insulin secretion. Indeed, studies from several
laboratories have reported alterations in phospholipid methy-
lation in various cell types derived from animal models of
diabetes, but not the pancreaticislet. For example, Ganguly etal.
[56] have demonstrated a significant increase in phospholipid
methylation in diabetic myocardium, which was reversed by
insulin treatment. Taira et al. reported a marked increase in the
phospholipid methylation in skeletal muscle of diabetic rats
[57]. Kowluru and Kowluru have reported [S8] significant
alterations in relative abundance of methylated lipids in
erythrocytes from streptozotocin diabetic rats. More recent
studies by Hartz et al. have reported a marked increase in the
expression of phospholipid methyl transferase in hepatic cells
derived from the streptozotocin diabetic animals. Insulin
treatment of the diabetic animals prevented the diabetes-
induced increase in phosphatidyl-ethanolamine methyltrans-
ferase activity and abundance [59]. Together, the above
described evidence appears to suggest potential alterations in
the phospholipid methylation in the diabetic sate. It also
appears that phospholipid methyl transferase activities and the
CML of specific proteins [e.g., PP2Ac] are altered in other
pathological states as well. For example, Guan et al. reported a
decrease in the activity of phospholipid methyl transferase
activity in the frontal cortex of brain in patients with
Alzheimer’s disease [60]. Along these lines, Sontag et al. [61]
have recently suggested that down-regulation of the CML of
PP2Ac and methyltransferase activity may contribute toward
the pathogenesis of Alzheimer’s disease. Potential alterationsin
the carboxylmethylation-demethylation status of G-proteinsin
pathological states such as diabetes or Alzheimer’s remain to be
investigated. For the above stated reasons, it may be necessary
to investigate potential alterations, if any, in the ability of
glucose to precisely regulate the methylation of C-terminal

cysteines [e.g., G-proteins] and leucines [e.g., PP2Ac] as well as
phospholipids [e.g.,, phosphatidylethanolamine] in B cells
derived from models of impaired insulin secretion [e.g., islets
from animal models of diabetes or islet B cells chronically
exposed to high glucose and/or high lipid environment]. Data
from such an investigation[s] are critical to determine if the
abnormalities in insulin secretion in these model systems are,
in part, due to defects in these signaling pathways. If so, it
should then be possible to develop novel therapeutic interven-
tional modalities to prevent and/or restore these signaling
defects to achieve normal islet g cell function.

6. A need for the development of novel
pharmacological inhibitors for protein and lipid
methylation

While adequate evidence is already available on regulation of
protein and lipid methylation by glucose in islet B cells, very
little is known with regard to potential inter-dependence of
each of these pathways in the cascade of events leading to
insulin secretion (Fig. 4). One plausible approach is to quantitate
glucose-induced effects on the CML of specific proteins [e.g.,
Cdc42 or Racl] in isolated B cells in which phospholipid
methyltransferases are compromised either via pharmacolo-
gical or by molecular biological manipulations. With regard to
pharmacological inhibitors of phospholipid methylation,
extant studies have utilized classical methylation inhibitors,
including S-adenosyl homocysteine, 3-deazaadenosine, 3-
deazaaristeromycin, etc. [62]. Bezafibrate, clofibric acids and
calcium channel blockers [e.g., verapamil] have also been
shown to inhibit phospholipid methylation [42,63,64], but again,
they might exert untoward non-specific effects. Studies by Seo
etal. [65] reported localization of an endogenous proteinacious
inhibitor in porcine liver preparations with a significant
inhibitory properties against several classes of SAM-dependent
methylases, including protein and lipid methylases. Additional
studies from this laboratory have identified this inhibitor to be
as an oligosaccharide-linked acyl carrier protein [65]. Kido et al.
[66] reported novel inhibitory properties of methylthiodeox-
yadenosine [MTA] and its analogs against phospholipid
methylation. Using an in vitro assay for invasion of rat ascites
hepatoma cells, theseresearchers have demonstrated that MTA
and five of its analogs [e.g., difluoro-MTA, deoxyadenosine,
sinefungin, phenylthiodeoxyadenosine, fluorophenylthiodeox-
yadenosine] specifically inhibited tumor cell invasion without
significantly affecting cell proliferation. Further, they reported
significant inhibition by these compounds of phosphatidy-
lethanolamine methylation, but not protein CML. However, no
follow-up studies have been carried out using these inhibitors.
Therefore, due to a relative paucity in the availability of specific
inhibitors, development of a more specific inhibitors of
phospholipid methyl transferases does indeed represent a
novel area of investigation. In contrast to the inhibitors of
phospholipid methylation, relatively more specific inhibitors of
protein CML are available, and have been utilized to decipher
regulatory roles for this signaling step in GSIS. More recent
studies by Baron et al. [67] have described the development of a
novel class of indole-based small molecules as inhibitors for
isoprenylcysteine carboxyl methylatransferases. Therefore, it
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may be possible to verifyif the signaling step of glucose-induced
CML of specific proteins underlies either upstream or down-
stream to phospholipid methylation. While this appears to be a
testable model, we are still faced with a difficult task of
identifying specific pharmacological inhibitors for phospholi-
pid methylation signaling steps. For these reasons, I feel that
there is an immediate need for the development such
pharmacological probes to better understand the regulatory
roles for lipid and protein methylation steps in the cascade of
events leading to hormone secretion.

7. Conclusions

I hope that this commentary provided a detailed review the
existingevidence on theregulation, by glucose and otherinsulin
secretagogues, of post-translational CML of specific proteins in
the B cell, including the small molecular weight G-proteins, the
v subunits of trimeric G-proteins and the catalytic subunit of
PP2A. I also made an attempt to summarize the experimental
evidence, which implicates regulation, by glucose and other
insulin secretagogues, of phosphatidylethanolamine methyla-
tion in the islet B cell. Based on these discussions, [ proposed a
working model to determine potential cross-talk, if any,
between the protein and lipid methylation pathways in the
regulation of GSIS. Existing literature also indicates significant
abnormalities in these signaling pathways in pathophysiologi-
cal states, including diabetes and Alzheimer’s disease. Future
studies will need to determine if the functional status of these
pathways is affected in islets derived from [animal or human)]
models of impaired insulin secretion. It is also emphasized that
there is an immediate need to identify and/or develop specific
pharmacological inhibitors which can be employed to further
decipher roles for these methylation reactions in islet g cell
function.

Acknowledgements

The studies from the authors laboratory described herein are
supported by grants to the author from the Department of VA
Medical Research Service Merit Review Award, the National
Institutes of Health [DK 56005 and DK 74921], the American
Diabetes Association [RA-45-ADA] and the Juvenile Diabetes
Research Foundation [JDRF 1-2006-4]. The author is also the
recipient of a Senior Research Career Scientist Award from the
Department of VA. I thank my former colleagues at the
University of Wisconsin School of Medicine and the William S.
Middleton VA Medical Center in Madison as well as current
colleagues at Wayne State University and the John D. Dingell
VA Medical Center in Detroit for their contributions cited in
this commentary.

REFERENCES

[1] Prentki M, Matschinsky FM. Calcium, cAMP, and
phospholipid-derived messengers in coupling
mechanisms of insulin secretion. Physiol Rev 1987;67:
1185-248.

[2] Kowluru A, Robertson RP, Metz SA. In: LeRoith D, Taylor SI,
Olefsky JM, editors. GTP-binding proteins in the regulation
of pancreatic beta cell function. Diabetes mellitus. A
fundamental and clinical text. Philadelphia, PA: Lippincott
Williams & Wilkins; 2000. p. 78-94.

[3] Jones PM, Persaud SJ. Protein kinases, protein
phosphorylation, and the regulation of insulin secretion
from pancreatic beta-cells. Endocr Rev 1998;19:429-61.

[4] Metz SA, Rabaglia ME, Stock JB, Kowluru A. Modulation of
insulin secretion from normal rat islets by inhibitors of the
posttranslational modifications of GTP-binding proteins.
Biochem J 1993;295:31-40.

[5] Leiser M, Efrat S, Fleischer N. Evidence that Rapl
carboxylmethylation is involved in regulated insulin
secretion. Endocrinology 1995;136:2521-30.

[6] Grillo MA, Colombatto S. S-Adenosylmethionine and
protein methylation. Amino Acids 2005;28:357-62.

[7] Chang PK, Gordon RK, Tal ], Zeng GC, Doctor BP,
Pardharsaradhi K, et al. S-Adenosylmethionine and
methylation. FEBS ] 1996;10:471-80.

[8] Roje S. S-Adenosyl-L.-methionine: beyond the universal
methyl group donor. Phytochemistry 2006;67:1686-98.

[9] Paik WK, Paik DC, Kim S. Historical review: the field of
protein methylation. Trends Biochem Sci 2007;32:

146-52.

[10] Metz SA, Rabaglia ME, Pintar TJ. Selective inhibitors of GTP-
synthesis impede exocytotic insulin release from intact rat
islets. ] Biol Chem 1992;267:12517-2.

[11] Metz SA, Meredith M, Rabaglia ME, Kowluru A. Small
elevations of glucose concentration redirect and amplify
the synthesis of guanosine 5'-triphosphate in rat islets. J
Clin Invest 1993;92:872-82.

[12] Metz SA, Kowluru A. Inosine monophosphate
dehydrogenase: a molecular switch integrating pleiotropic
GTP-dependent B cell functions. Proc Assoc Am Phys
1999;111:335-46.

[13] Birnbaumer L. Receptor-to-effector signaling through G
proteins: roles for beta gamma dimers as well as alpha
subunits. Cell 1992;71:1069-72.

[14] Gilman AG. G proteins: transducers of receptor-generated
signals. Annu Rev Biochem 1987;56:615-49.

[15] Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins.
Physiol Rev 2001;81:53-208.

[16] Kowluru A, Li G, Rabaglia ME, Segu VB, Hofmann F, Aktories
K, et al. Evidence for differential roles of the Rho subfamily
of GTP-binding proteins in glucose- and calcium-induced
insulin secretion from pancreatic beta cells. Biochem
Pharmacol 1997;54:1097-108.

[17] Kowluru A, Li G, Metz SA. Glucose activates the carboxyl
methylation of 8 subunits of trimeric GTP-binding
proteins in pancreatic 8 cells. J Clin Invest 1997;100:
596-610.

[18] Kowluru A, Amin R. Inhibitors of posttranslational
modifications of G-proteins as probes to study the
pancreatic B cell function: potential therapeutic
implications. Curr Drug Targets Immune Endocr Metabol
Disord 2002;2:129-39.

[19] Kowluru A, Seavey SE, Li G, Sorenson RL, Weinhaus AJ,
Nesher R, et al. Glucose- and GTP-dependent stimulation of
the carboxyl methylation of Cdc42 in rodent and human
pancreatic islets and pure B cells. ] Clin Invest 1996;98:
540-55.

[20] Li G, Kowluru A, Metz SA. Characterization of
prenylcysteine methyltransferase in insulin-secreting cells.
Biochem ] 1996;316:345-51.

[21] Kowluru A. Regulatory roles for small G-proteins in the
pancreatic beta cell: lessons from models of impaired
insulin secretion. Am ] Physiol Endocrinol Metab
2003;285:E669-84.



344 BIOCHEMICAL PHARMACOLOGY 75 (2008) 335-345

[22] Favre B, Zolnierowicz S, Turowski P, Hemmings BA. The
catalytic subunit of protein phosphatase 2A is carboxyl-
methylated in vivo. ] Biol Chem 1994;269:16311-7.

[23] Kowluru A, Seavey SE, Rabaglia ME, Nesher R, Metz SA.
Carboxylmethylation of the catalytic subunit of protein
phosphatase 2A in insulin-secreting cells: evidence for
functional consequences on enzyme activity and insulin
secretion. Endocrinology 1996;137:2315-23.

[24] Janssens V, Goris ]. Protein phosphatase 2A: a highly
regulated family of serine/threonine phosphatases
implicated in cell growth and signaling. Biochem J
2001;353:417-39.

[25] Leulliot N, Quevillon-Cheruel S, Sorel I, de La Sierra-Gallay
IL, Collinet B, Graille M, et al. Structure of protein
phosphatase methyltransferase 1 (PPM1), a leucine
carboxyl methyltransferase involved in the regulation of
protein phosphatase 2A activity. ] Biol Chem 2004;279:
8351-8.

[26] Kowluru A, Metz SA. Purine nucleotide- and sugar
phosphate-induced inhibition of the carboxyl methylation
and catalysis of protein phosphatase-2A in insulin-
secreting cells: protection by divalent cations. Biosci Rep
1998;18:171-86.

[27] Palanivel R, Veluthakal R, Kowluru A. Regulation by glucose
and calcium of the carboxylmethylation of the catalytic
subunit of protein phosphatase 2A in insulin-secreting INS-
1 cells. Am ] Physiol Endocrinol Metab 2004;286:1032-41.

[28] De Baere I, Derua R, Janssens V, Van Hoof C, Waelkens E,
Merlevede W, et al. Purification of porcine brain protein
phosphatase 2A leucine carboxylmethyltransferase and
cloning of the human homologue. Biochemistry
1999;38:16539-47.

[29] Kowluru A. Novel regulatory roles for protein phosphatase
2A in the islet beta cell. Biochem Pharmacol 2005;69:
1681-91.

[30] Tan EW, Rando RR. Identification of an isoprenylated
cysteine methyl ester hydrolase activity in bovine rod
outer segment membranes. Biochemistry 1992;31:5572-8.

[31] Ostrowska H, Dabrowska M, Osada J, Mantur M. Effects of
ebelactone B on cathepsin A activity in intact platelets
and platelet activation. Rocz Akad Med Bialymst
2003;48:150-3.

[32] Ito H, Majima M, Nakajima S, Hayashi I, Katori M, Izumi T.
Effect of prolonged administration of a urinary kinase
inhibitor, ebelactone B on the development of
deoxycorticosterone acetate-salt hypertension in rats. Br ]
Pharmacol 1999;126:613-20.

[33] Majima M, Ikeda Y, Kuribayashi Y, Mizogami S, Katori M,
Aoyagi T, et al. An inhibitor of urinary carboxypeptidase Y-
like kininase, prevents the development of
deoxycorticosterone acetate-salt hypertension in rats. Eur J
Pharmacol 1995;284:1-11.

[34] Nonaka Y, Ohtaki H, Ohtsuka E, Kocha T, Fukuda T,
Takeuchi T, et al. Effects of ebelactone B, a lipase inhibitor,
on intestinal fat absorption in the rat. ] Enzyme Inhib
1996;10:57-63.

[35] Gacser A, Schafer W, Nosanchuk JS, Salomon S, Nosanchuk
JD. Virulence of Candida parapsilosis, Candida orthopsilosis,
and Candida metapsilosis in reconstituted human tissue
models. Fungal Genet Biol 2007;21 [Epub ahead of print].

[36] Lim Y, Shin J-S, Paik WK, Kim S. Increased methylation of
endogenous 20-kDa protein in HIT B-cell during insulin
secretion. Biochem Biophys Res Commun 2003;305:292-8.

[37] Hirata F, Axelrod J. Phospholipid methylation and biological
signal transmission. Science 1980;209:1082-90.

[38] Yasumiba S, Tazuma S, Ochi H, Kajiyama G. Modifying
hepatic phospholipid synthesis associates with biliary
phospholipid secretion rate in a transporter-independent
manner in rats. Dig Dis Sci 2001;46:1290-8.

[39] McKenzie RC, Brophy PJ. Isoproterenol stimulates lipid
methylation in C6 cells without affecting membrane
fluidity. FEBS Lett 1983;164:244-6.

[40] Saceda M, Garcia-Morales P, Mato JM, Malaisse WJ,
Valverde I. Phospholipid methylation in pancreatic islets.
Biochem Int 1984;8:445-52.

[41] Best L, Lebrun P, Saceda M, Garcia-Morales P, Hubinont C,
Juvent M, et al. Impairment of insulin release by
methylation inhibitors. Biochem Pharmacol 1984;33:2033-9.

[42] Kowluru A, Rana RS, MacDonald M]J. Stimulation of
phospholipid methylation by glucose in pancreatic islets.
Biochem Biophys Res Commun 1984;122:706-11.

[43] Laychock SG. Phosphatidylethanolamine N-methylation
and insulin release in isolated pancreatic islets of the rat.
Mol Pharmacol 1985;27:66-73.

[44] Kowluru A, Rana RS, MacDonald MJ. Phospholipid methyl
transferase activity in pancreatic islets: activation by
calcium. Arch Biochem Biophys 1985;242:72-81.

[45] Hook VY, Heisler S, Axelrod J. Corticotroin-releasing factor
stimulates phospholipid methylation and corticotropin
secretion in mouse pituitary tumor cells. Proc Natl Acad Sci
USA 1982;79:6220-4.

[46] Prasad C, Edwards RM. Stimulation of phospholipid
methylation and thyroid hormone secretion by
thyrotropin. Endocrinology 1984;114:941-5.

[47] Prasad C, Mori M, Greeley GH, Edwards RM, Wilber JF,
Pegues ]. Biochemical transmethylation of lipids and
neuropeptidergic stimulation of pituitary hormone
secretion. Brain Res 1985;334:41-6.

[48] Wang Z, Oh E, Thurmond DC. Glucose-stimulated Cdc42
signaling is essential for the second phase of insulin
secretion. J Biol Chem 2007;282:9536-46.

[49] McDonald P, Veluthakal R, Kaur H, Kowluru A. Biologically
active lipids promote trafficking and membrane
association of Racl in insulin-secreting INS 832/13 cells.
Am ] Physiol Cell Physiol 2007;292:C1216-20.

[50] Kowluru A, Veluthakal R. Rho guanosine diphosphate-
dissociation inhibitor plays a negative modulatory role in
glucose-stimulated insulin secretion. Diabetes
2005;54:3523-9.

[51] Hashizume K, Konayashi M, Ichikawa K. Guanosine 5'-
triphosphate modulation of S-adenosyl-L.-methionine-
mediated methylation of phosphatidylethanolamine in rat
liver plasma membrane. Biochem Biophys Res Commun
1983;114:425-30.

[52] DeeMardirossian CM, Bokoch GM. Phosphorylation of
RhoGDI by p21-activated kinase 1. Meth Enzymol
2006;406:80-90.

[53] Pajares MA, Villalba M, Mato JM. Purification of
phospholipid methyltransferase from rat liver microsomal
fraction. Biochem J 1986;237:699-705.

[54] Pelech SL, Ozen N, Audubert F, Vance DE. Regulation of rat
liver phosphatidyl-ethanolamine N-methyltransferase by
cytosolic factors. Examination of a role for reversible
protein phosphorylation. Biochem Cell Biol 1986;64:565-74.

[55] Ridgway ND, Vance DE. In vitro phosphorylation of
phosphatidylethanolamine N-methyltransferase by cAMP-
dependent protein kinase: lack of in vivo phosphorylation
in response to N6-2'-O-dibutyryladenosine 3',5'-cyclic
monophosphate. Biochem Biophys Acta 1989;1004:261-70.

[56] Ganguly PK, Rice KM, Panagia V, Dhalla NS. Sarcolemmal
phosphatidylethanolamine N-methylation in diabetic
cardiomyopathy. Circ Res 1984;55:504-12.

[57] Taira Y, Ganguly PK, Panagia V, Dhalla NS. Increased SR
phospholipid N-methylation in skeletal muscle of diabetic
rats. Am ] Physiol 1988;255:E347-52.

[58] Kowluru A, Kowluru RA. Phospholipid N-methylation in
diabetic erythrocytes: effects on membrane Na*, K* ATPase
activity. Cell Biochem Funct 1992;10:95-101.



BIOCHEMICAL PHARMACOLOGY 75 (2008) 335-345

345

[59]

[60]

[61]

[62]

[63]

Hartz CS, Nieman KM, Jacobs RL, Vance DE, Schalinske KL.
Hepatic phosphatidylethanolamine N-methyltransferase
expression is increased in diabetic rats. ] Nutr
2006;136:3005-9.

Guan ZZ, Wang YN, Xiao KQ, Hu PS, Liu JL. Activity of
phosphatidylethanolamine-N-methyltransferase in brain
is affected by Alzheimer’s disease. Neurochem Int
1999;34:41-7.

Sontag E, Hladik C, Montgomery L, Luangpirom A, Mudrak
I, Orgis E, et al. Downregulation of protein phosphatase 2A
carboxylmethylation and methyltransferase

may contribute to Alzheimer disease pathogenesis. ]
Neuropathol Exp Neurol 2004;63:1080-91.

Smith JD, Ledoux DN. Effect of the methylation inhibitors 3-
deazaadenosine and 3-deazaaristeromycin on
phosphatidylcholine formation in Tetrahymena. Biochim
Biophys Acta 1990;1047:290-3.

Nishimaki-Mogami T, Suzuki K, Okochi E, Takahashi A.
Bezafibrate and clofibric acid are novel inhibitors of
phosphatidylcholine synthesis via the methylation of

(64]

(6]

(66]

(671

phosphatidylethanolamine. Biochim Biophys Acta
1996;1304:11-20.

Tappia PS, Okumura K, Kawabata K, Shah KR, Nijjar MS,
Panagia V, et al. Calcium-antagonists inhibit the N-
methyltransferase-dependent synthesis of
phosphatidylcholine in the heart. Mol Cell Biochem
2001;221:89-98.

Seo DW, Moon HI, Han JW, Hong SY, Lee HY, Kim S, et al.
An endogenous proteinacious inhibitor in porcine liver for
S-adenosyl-L-methionine dependent methylation
reactions: identification as oligosaccharide-linked acyl
carrier protein. Int ] Biochem Cell Biol 2000;32:455-64.
Kido J, Ashida Y, Shinkal K, Akedo H, Isoai A, Kumagai H,
et al. Effects of methylthioadenosine and its analogs on in
vitro invasion of rat ascites hepatoma cells and methylation
of their phospholipids. Jpn ] Cancer Res 1991;82:1104-11.
Baron RA, Peterson YK, Otto JC, Rudolph ], Casey PJ. Time-
dependent inhibition of isoprenylcysteine
carboxylmethyltransferase by indole-based small
molecules. Biochemistry 2007;46:554-60.



	Bridging the gap between protein carboxyl methylation and phospholipid methylation to understand glucose-stimulated insulin secretion from the pancreatic &beta; cell
	Introduction
	Studies on protein carboxyl methylation in islet &beta; cells
	Evidence for a requisite role for the methylation of the C-terminal cysteines of specific G-proteins in GSIS
	Methylation of C-terminal leucine of the catalytic subunit of protein phosphatase 2A [PP2Ac]
	Glucose-induced methylation of protein arginines in insulin-secreting cells

	Studies on phospholipid methylation in pancreatic &beta; cells
	Studies in intact &beta; cells
	Studies in broken cell preparations

	A model for a potential cross-talk between protein CML and phospholipid methylation in GSIS
	Alterations in lipid and protein methylation in various pathological states
	A need for the development of novel pharmacological inhibitors for protein and lipid methylation
	Conclusions
	Acknowledgements
	References


